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ABSTRACT: The structure and reactivity of electrosprayed protein ions is governed by their net
charge. Native proteins in non-denaturing aqueous solutions produce low charge states. More
highly charged ions are formed when electrospraying proteins that are unfolded and/or exposed to
organic supercharging agents. Numerous studies have explored the electrospray process under
these various conditions. One phenomenon that has received surprisingly little attention is the
charge enhancement caused by multivalent metal ions such as La3+ when electrospraying proteins
out of non-denaturing solutions. Here we conducted mass spectrometry and ion mobility
spectrometry experiments, in combination with molecular dynamics (MD) simulations to uncover
the mechanistic basis of this charge enhancement. MD simulations of aqueous ESI droplets
reproduced the experimental observation that La3+ boosts protein charge states relative to
monovalent metals (e.g., Na+). The simulations showed that gaseous proteins were released by
solvent evaporation to dryness, consistent with the charged residue model. Metal ion ejection kept
the shrinking droplets close to the Rayleigh limit until ~99% of the solvent had left. For droplets
charged with Na+, metal adduction during the final stage of solvent evaporation produced low
protein charge states. Droplets containing La3+ showed a very different behavior. The trivalent
nature of La3+ favored adduction to the protein at a very early stage, when most of the solvent had
not evaporated yet. This irreversible binding via multidentate contacts suppressed La3+ ejection
from the vanishing droplets, such that the resulting gaseous proteins carried significantly more
charge. Our results illustrate that MD simulations are suitable for uncovering intricate aspects of
electrospray mechanisms, paving the way towards an atomistic understanding of mass
spectrometry-based analytical workflows.

2

Metal ions are essential for the biological function of many proteins, e.g., as enzyme cofactors or
as cellular signals that trigger conformational changes. Protein-metal binding takes place via
multidentate contacts with electron-rich moieties. These include the side chains of Glu-, Asp-, Cys, Asn, Gln, His, Met as well as backbone carbonyl oxygens [1-3].
Electrospray ionization (ESI) mass spectrometry (MS) offers several avenues for
interrogating protein structure and dynamics [4-7]. One of these is “native” ESI-MS, a strategy
that uses neutral aqueous solutions and gentle ion sampling conditions. The low protein charge
states [8-10] generated during native ESI promote the preservation of solution-like conformations
and interactions in the gas phase [7,11-19], thereby revealing binding interactions with various
ligands including metal ions. The combination of native ESI-MS with ion mobility spectrometry
(IMS) reports on structural events such as metal-induced conformational changes [20-25].
Metal ions can also affect ESI experiments in undesired ways. The presence of non-volatile
salts in analyte solutions tends to produce nonspecific adducts. For example, Na+ salts cause the
formation of [M + zH + n(Na-H)] z+ species, where n adopts a range of values for any given charge
state z [9]. Analogous nonspecific binding takes place for other metals [19,26-29]. These adducts
cause peak splitting and low S/N ratios. This is in contrast to the clean [M + zH]z+ signals
generated from solutions that are free of nonvolatile salts [19,26-29].
The propensity of metal ions to form nonspecific adducts reflects the mechanism by which
protein ions are formed during native ESI. Charged droplets generated at the emitter undergo
solvent evaporation. This process dramatically increases the concentration of salts and other
nonvolatile solutes [9,30]. Evaporation takes place in concert with jet fission [9,31,32], ultimately
generating nanometer-sized droplets. According to the charged residue model (CRM), proteins are
released from these nanodroplets via solvent evaporation to dryness [8-10,33]. Nonspecific
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adducts are formed when nonvolatile solutes bind to the protein as the last solvent layers vanish
[9,10,15,34,35].
While nonspecific metal adduction is undesirable in many ESI-MS experiments [19,26-29],
it also has beneficial aspects. Adducts often give rise to interesting gas phase ion chemistry,
stimulating investigations on the reactivity of peptides and proteins bound to mono-, di-, and
trivalent metal ions [36-44]. Also, multidentate protein-metal interactions formed by nonspecific
Ca2+ and Mg2+ binding stabilizes electrosprayed protein complexes [45].
The current study addresses an intriguing discovery made by Flick and Williams [46], who
reported that nonspecific La3+ adduction enhances native ESI protein charge states by ~20%. Such
charge state enhancements can be significant because they affect key properties of gaseous
proteins including their transmission [47], reactivity [48], and detection [49,50]. The low charge
states normally generated by native ESI cause poor top-down fragmentation efficiencies [51,52].
La3+ induced charge enhancement boosts top-down sequence coverage [46]. Hence, the possibility
to modulate ESI charge states by La3+ could open up interesting experimental avenues.
Clearly, there are ways to boost protein charge states that go beyond the aforementioned
La3+ effects. One approach is to use denaturing additives that cause unfolding [10,53,54].
Solutions can also be supplemented with supercharging agents such as sulfolane or m-nitrobenzyl
alcohol [10,55-58]. The highest charge states are obtained when combining denaturation with
supercharging [10,56-58]. Protein ions generated in this way carry two to three times more charge
than in native ESI, making them well suited for fragmentation experiments [51,52]. However,
solution-phase denaturation and/or electrostatic gas phase unfolding renders such conditions
unsuitable for experiments aimed at preserving native-like structures [10,58]. Charge enhancement
by La3+ could be attractive in cases that require more subtle control of the ESI process [46].
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The mechanism whereby La3+ enhances protein charge states remains unclear. Flick and
Williams proposed that La3+ binds to native-like proteins at some point during ESI [46], but this
scenario remains to be proven. Also, this proposition does not address the mechanism of protein
ion formation, nor does it specify how the effects of La3+ differ from those of other metal ions.
Molecular dynamics (MD) simulations of charged droplets can provide atomistic insights
into the ESI process. We and others have used this approach to explore the behavior of different
analytes under a range of conditions [10,34,59-66]. Those MD studies support the view that the
CRM is the dominant ion formation mechanism during native ESI [8-10,33,64]. The chain ejection
model (CEM) describes the protein behavior under denaturing conditions [10,14,67].
The purpose of the current work was twofold. (1) By combining experiments and MD
simulations we aimed to uncover the mechanism by which La3+ affects protein charge states. (2)
More generally, we wanted to ascertain if currently available ESI simulation strategies have
advanced to the point where even relatively subtle effects, such as La3+-induced charge
enhancement can be probed. Gratifyingly, our MD data mirrored the experimentally observed
shifts to higher ESI charge states. Charge state enhancement was found to result from multidentate
contacts that trap La3+ on the protein surface long before proteins are released into the gas phase.

Materials and Methods
Native ESI-MS and IMS. Equine holo-myoglobin (hMb) and bovine ubiquitin (Ubq) were
purchased from Sigma (St. Louis, MO). 5 µM aqueous protein solutions at pH 7 were prepared in
10 mM ammonium acetate or in 1 mM of either NaCl, CaCl2, or LaCl3. Data were acquired on a
Synapt G2-Si quadrupole time-of-flight mass spectrometer (Waters, Milford, MA). Protein
solutions were infused at 5 µL min-1. The ESI source was operated at +2.8 kV. Gentle conditions
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were used to minimize structural perturbations (sample cone voltage 5 V, source temperature 25
°C, desolvation temperature 40 °C), resulting in instrument operation close to the transmission
threshold. Average charge states were calculated as zav = ∑(zi Ii ) / ∑Ii from three spectra for each
salt condition. The intensities Ii in this equation included all adducts for any given charge state zi.
For IMS, the same source parameters were used, with Triwave enabled (trap DC entrance 1 V, trap
DC bias 15 V, Trap DC -2 V, trap DC exit 0 V, IMS DC entrance 6.7 V, He cell DC 10 V, He exit
-5 V, IMS bias 3 V, IMS DC exit 0 V, transfer DC entrance 1 V, transfer DC exit 1 V, trap wave
velocity 100 m s-1, trap wave height 1 V, IMS wave velocity 300 m s-1, IMS wave height 6.5 V,
transfer wave velocity 247 m s-1, transfer wave height 4 V). Drift times were converted to effective
He collision cross sections (Ω) using a mix of denatured proteins as calibrant ions [68].

MD Simulations. ESI droplets were simulated following previously described methods [10].
Briefly, Gromacs 2018 [69] was used with the CHARMM36 force field [70] and TIP4P-2005
water [71] for modeling the temporal evolution of aqueous droplets with an initial radius of 5 nm
(~16,000 water molecules) in vacuum. The protein was initially placed at the droplet center, using
the crystal structures 1wla and 1ubq as starting conformations. All titratable sites were in their
default states, i.e., N-terminus+, Arg+, Lys+, His0, Asp-, Glu-, C-terminus-, heme2-, resulting in an
intrinsic charge of 2- for hMb and zero for Ubq. Various combinations of Na+, Ca2+, and La3+ ions
were inserted in random positions to ensure an initial droplet charge close to the Rayleigh charge
of 40+ (actual values ranged from 38+ to 41+). Tests were performed to ensure the proper
parametrization of metal ions (Figure S1) [72]. Following energy minimization and equilibration,
MD runs were performed for 100 ns at 370 K, followed by 100 ns at 450 K to speed up the final
solvent evaporation events. ESI charge states were determined by tallying the total metal ion and
protein charge values after complete desolvation. Runs for each condition were repeated at least
6

three times with different initial velocities and metal ion starting positions. He Ω values of MDgenerated conformers were calculated using Collidoscope [73], after running the desolvated
proteins for an additional 500 ns in vacuum at 320 K.

Results and Discussion
Native ESI-MS. Holo-myoglobin (hMb) and ubiquitin (Ubq) served as test proteins for the
current work. Both have a globular native structure with a hydrophobic core, while most charged
and hydrophilic side chains are solvent exposed [74,75]. ESI was performed in neutral aqueous
solutions. Mass spectra were initially recorded under typical native ESI conditions (10 mM
ammonium acetate) [9], producing [M + zH]z+ charge state distributions with maxima at 9+ and 6+
for hMb and Ubq, respectively (Figure 1A, F). The salt concentration for subsequent experiments
was lowered to 1 mM to avoid excessive peak broadening. Compared to the ammonium acetate
data, the presence of LaCl3 shifted the spectral maxima to significantly higher charge states, i.e.,
9+  11+ for hMb, and 6+  8+ for Ubq (Figure 1D, I). These observations are consistent with
the literature [46].
Trivalent ions such as La3+ are not normally encountered in biological solutions. To test the
effects of more common metals we also studied the effects of a monovalent (Na+) and a divalent
(Ca2+) species. Charge state distributions in the presence of 1 mM NaCl were quite similar to those
in ammonium acetate, although NaCl caused a slight charge enhancement for Ubq (Figure 1B/G).
CaCl2 resulted in notable shifts to higher charge states for both proteins (Figure 1C, H), but not as
large as those seen for LaCl3 (Figure 1D/I). Protein ions formed in the presence of all three metal
salts showed extensive metal adduction.
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The bar diagrams in Figure 1 summarize the metal-induced charge state shifts, reiterating
that protein charge states increase in the order NH4+  Na+ < Ca2+ < La3+ (Figure 1E/J). The metals
used here have similar ionic radii (1.02 / 1.00 / 1.03 Å for Na+ / Ca2+ / La3+) [76]. Thus, there is a
clear correlation between the charge of the metals and their capability to enhance protein ESI
charge states, with La3+ being most effective. The following discussion focuses primarily on a
comparison between Na+ and La3+, because these metals show the largest differences (Figure 1).
Very similar mechanistic considerations apply to La3+ and Ca2+, with the caveat that La3+ causes
larger effects because of its higher charge.

Charge Carriers for Droplet Simulations. MD simulations were performed to obtain insights
into the ESI mechanism in the presence of different metal ions. Consistent with previous work [810,31-34,64-66] all simulated droplets were initially charged to the Rayleigh limit, which is 40+
for the 5 nm droplet radius used here. This size range matches the droplets present towards the end
of the evaporation/fission events in the ESI plume [9]. Before examining simulation results, it is
necessary to discuss how this 40+ droplet charge was implemented in the MD runs.
The net charge of experimental ESI droplets arises from various charge carriers. Protons
are a key contributor; these are formed by redox processes within the ESI emitter (e.g., 2H2O 
4H+ + O2 + 4e-) [77]. Metal ions play a major role as well, especially for solutions spiked with
salts as in the current work [9]. Even in the absence of added salts, Na+ is usually present as a
ubiquitous contaminant in biological samples [9,78].
The use of protons in MD simulations is challenging because H+ Grotthus shuttling cannot
be described by classical force fields [79]. Previous ESI simulations sidestepped this difficulty by
substituting H+ for Na+, culminating in the formation of [M + zNa]z+ instead of [M + zH]z+ ions
[10]. Here we pursued an analogous strategy. LaCl3 experiments produced [M + zH + n(La-3H)]z+
8

ions (Figure 1). For MD runs we emulated this scenario using a combination of Na+ and La3+, such
that the simulations produced [M + zNa + n(La-3Na)]z+ ions.
The 40+ droplet charge can be implemented by various La3+/Na+ combinations. Choosing
the most suitable ratio a priori is difficult. We thus performed MD runs under various conditions,
using droplets charged with 0%, 33%, 50%, 66%, and 100% La3+. In all cases the remainder was
supplied by Na+ to ensure a total droplet charge of ~40+. The integer nature of charge dictates that
these percentages are somewhat approximate, e.g., for 50% La3+ we used 7 La3+ and 19 Na+.
Analogously, Ca2+ containing runs used different Ca2+/Na+ ratios.

Charge States of MD-Generated Protein Ions. ESI simulations produced gaseous protein ions
charged by metal adduction. Droplets containing only Na+ generated charge states 9+ for hMb and
6+ for Ubq (Figure 2). These simulation results agree well with experimental spectra recorded in
the presence of NaCl or ammonium acetate (blue horizontal lines in Figure 2). The same results
were reported previously for simulations on smaller droplets (3 nm instead of 5 nm radius) [10],
attesting to the robustness of the MD strategy used here.
Simulations conducted with increasing La3+/Na+ ratios produced significantly higher
charge states. For hMb droplets containing 100% La3+ this shift was from 9+ to 19+ (Figure 2A).
Similarly, Ubq showed a shift from 6+ to 14+ (Figure 2C). Droplets containing a mix of La3+ and
Na+ predominantly resulted in La3+ adduction. Mixed Na+/La3+ bound protein ions were prevalent
only for droplets with low (33%) La3+ content (Figure S2). Analogous considerations apply to
droplets charged with Ca2+/Na+ (Figure 2B/D, Figure S2B/D).
It is remarkable that our MD data reproduced the experimentally observed trend, where the
presence of La3+ (or Ca2+) increased the ESI charge states of proteins. Simulations conducted with
33% and 50% La3+ (or Ca2+) provided the best match with the experimentally observed range of
9

charge states (Figure 1, green/red horizontal lines in Figure 2). This finding suggests that ESI
droplets under the experimental conditions of Figure 1 have a net charge that is approximately
33% to 50% due to La3+ (or Ca2+), the remainder being contributed by other charge carriers.

Anatomy of the ESI Process. Typical MD snapshots for hMb in a Na+ charged droplet (0% La3+)
are shown in Figure 3A. The droplet underwent shrinkage due to water evaporation, with
occasional ejection of solvated Na+. These charge loss events are consistent with the ion
evaporation model (IEM) [9,10,80-82]. The protein stayed within the droplet, reflecting the
tendency of solvent exposed charged/hydrophilic side chains to remain solvated [74]. During the
final stages of water evaporation the remaining Na+ underwent binding to the protein. Ultimately,
water evaporation to dryness generated gaseous hMb9+ (final frame in Figure 3A).
ESI events for a droplet charged with 50% La3+ are exemplified in Figure 3B, keeping in
mind that simulations under these conditions produced charge states consistent with our
experiments. Evaporative droplet shrinkage in Figure 3B was accompanied by IEM events for both
La3+ and Na+. Evaporation to dryness culminated in gaseous hMb bound to five La3+. Considering
the intrinsic 2- charge of hMb, the charge state of this gaseous protein ion is 13+. Very similar ESI
events were observed for Ubq (Figure S3). Additional details such as water and charge loss
kinetics are compiled in Figures S4 and S5.
In summary, for the simulations of this work protein ions were released by solvent
evaporation to dryness, i.e., ESI followed a CRM scenario [8-10,33]. The shrinking droplets
underwent IEM ejection of charge carriers (Na+, Ca2+, La3+), in line with previous reports
[10,83,84]. Other scenarios such as protein release via the CEM [10,14,67] were not observed,
consistent with the view that the CEM is operative only for unfolded conformers [10,14,67].
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Mechanism of La3+ Enhanced Protein Charging. The reasons why La3+ enhances protein charge
states starts to emerge from Figure 4, which tracks the droplet charge zD relative to the Rayleigh
charge zR = 8/e  (0  r3)1/2, where  = surface tension, 0 = vacuum permittivity, and e =
elementary charge [9]. The droplet radius r was calculated by assuming spherical shape and a
density of 1 g cm-3 [8]. The zD/zR profiles in Figure 4 start off in zigzag patterns, reflecting the
alternation between solvent evaporation at constant zD (which gradually increases zD/zR), and IEM
ejection of a metal ion (causing a sudden drop of zD/zR) [10]. These events occurred in a fairly
narrow zD/zR interval between ~0.75 and 1, consistent with studies on other droplets [8-10,31,32].
Na+ charged droplets (0% La3+) underwent IEM events until late during the evaporation
process (t  50 ns, red lines in Figure 4A/D). In contrast, the presence of La3+ caused IEM events
to terminate much earlier, i.e., t  38 ns for 50% La3+ and t  24 ns for 100% La3+ (red lines in
Figure 4B/C/E/F). Continuing water evaporation after these final IEM events caused the La3+
droplets to enter a regime where zD/zR > 1. This effect was most pronounced for 100% La3+, where
the profiles approached zD/zR  2 at the end of the process (Figure 4C/F).
Why do La3+ droplets venture into a zD/zR > 1 regime towards the end of the evaporation
process? The answer becomes clear when tracking the metal ion positions within the droplets. We
will first discuss hMb droplets charged with Na+ (0% La3+, Figure 5A) and 100% La3+ (Figure
5B). Figure 5A shows that all Na+ diffuse freely in the aqueous layer that surrounds the protein.
This high mobility allows Na+ to reach any location within the droplet, including surface positions
from where IEM ejection can take place. Na+ adduction to the protein occurs late, when the last
water layers evaporate, generating the final [M + zNa]z+ product at t  70 ns. A different scenario
applies to La3+ droplets (Figure 5B). La3+ adduction to the protein takes place very early, starting
immediately after the onset of the MD runs. The protein attains its final [M + z/3La]z+ charge state
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while it is still embedded in the droplet, at t  20 ns. These irreversible binding events prevent the
corresponding La3+ ions from undergoing IEM ejection. Data for Ubq revealed a very similar
behavior (Figure S6).
Why do La3+ and Na+ show different adduction behavior? Figure 6A, B reveals that the
high protein affinity of La3+ arises from multidentate contacts involving five or six charged/polar
moieties per metal ion (Asp- and Glu- side chains, but also carbonyl oxygens in neutral side chains,
plus main chain C=O sites). The high stability of such chelation interactions involving multivalent
metals is well established [1]. In contrast, Na+ binding is much less extensive, with only two or
three protein-metal contacts that result in a lower affinity to the protein surface (Figure 6C, D).
The situation is analogous to metal interactions with chelators such as EDTA, which has an
affinity of 101.9 M for Na+, while the affinity for La3+ is 1015.4 M [85].
Effects analogous to those illustrated in Figure 5 were also seen for mixed La3+/Na+
droplets, i.e., early high affinity binding of La3+ enhanced the charge of the resulting protein ions.
This includes MD runs for 33% La3+ and 50% La3+ that resulted in charge states consistent with
our experiments (Figures S7/S8). For these 33% La3+ and 50% La3+ droplets the zD/zR ratio
increased to ~1.3 at the end of the evaporation process (Figure 4B/E), which is within a range that
has been shown to be possible experimentally [32]. In contrast, the zD/zR  2 behavior seen for
100% La3+ (Figure 4C/F) likely exceeds the range that can be expected under experimental
conditions [8-10,31,32]. We nonetheless chose to highlight the 100% La3+ data in Figure 5B
because they most clearly illustrate the charge enhancement mechanism, without complications
arising from the simultaneous presence of La3+ and Na+.
In summary, Figure 5 uncovers the principle whereby La3+ enhances ESI charge states:
La3+ has a very high affinity to the protein surface, causing early protein-La3+ binding within the
ESI droplet. The irreversible nature of these interactions precludes IEM ejection of the bound La3+
12

from the droplet, culminating in the formation of charge-enhanced protein ions. The situation is
different for droplets charged only with monovalent ions such as Na+, which remain mobile within
the aqueous layer where they are subject to IEM ejection. Thus, proteins released by solvent
evaporation to dryness carry less charge because Na+ ejection is not impeded by premature
protein-metal binding.

Gas Phase Conformations. IMS experiments revealed that La3+ mediated charge enhancement
induced a gradual expansion of protein structure. Raising the hMb charge from 9+ to 13+ caused
the experimental  to increase by 33%, while the 6+  10+ transition of Ubq resulted in a 73%
increase (Figure S9). These effects arise from the electrostatic repulsion within the protein ions
[86,87]. For comparing these observations with simulation results, MD-generated protein ions
were allowed to evolve in vacuum for 500 ns. The resulting MD structures mirrored the
experimental trend, i.e., a charge state dependent expansion (Figure S9, S10). For hMb 9+ to 11+
and Ubq 6+ to 8+ the MD structures had  values that overlaped with the experimental
distributions (vertical lines in Figure S9). This agreement suggests that the MD structures
represent suitable candidates for the experimental gas phase ions in this charge state range.
Multidentate protein-La3+ contacts somewhat limited the Coulombic expansion of the more highly
charged protein ions (e.g. hMb13+, Ubq10+), in agreement with earlier MD data and experiments
[45,88].

Conclusions
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We employed MD simulations to explore the mechanism whereby multivalent metal ions such as
La3+ enhance protein charge states when electrosprayed from non-denaturing aqueous solutions.
Previous work referred to this effect as “supercharging” [46]. Here we avoided this term, because
the ~20% charge enhancement caused by La3+ is quite subtle compared to the much larger shifts
induced by organic supercharging agents [10,55-58].
Under the conditions studied here protein ions are released via the CRM which entails
solvent evaporation to dryness (Figure 3). As already shown in earlier work [10,83,84], droplet
shrinkage is accompanied by the IEM ejection of charge carriers which is driven by the
electrostatic repulsion within the system (Figure 4) [8-10,31,32]. Each charge carrier can
experience only one of two outcomes: (1) IEM ejection from the droplet, or (2) binding to the
protein. Thus, any suppression of IEM events will enhance the charge of the dried-out protein
formed at the end of the process. Monovalent charge carriers (Na+, but also H+aq and NH4+) [9] are
highly soluble in water and roam freely in the aqueous phase surrounding the protein; there are no
factors that interfere with IEM ejection of these species. Consequently, only relatively few of the
monovalent charge carriers stay behind until the final solvent layers evaporate; binding of these
residual ions to the protein generates low ESI charge states. In contrast, the trivalent nature of La3+
drives the formation of highly stable chelation contacts [1] with the protein early during the
process, when the droplet still contains thousands of water molecules (Figure 5). Irreversible
binding of multiple La3+ ions to the protein prevents the IEM ejection of these charge carriers. The
resulting dried-out protein therefore carries more charge than for droplets that only contain
monovalent ions.
The aforementioned mechanism of La3+ induced charge enhancement bears conceptual
similarities to the “charge trapping model” that has been proposed for the way in which organic
supercharging agents enhance protein charge states during native ESI [10]. Both scenarios are
14

rooted in a suppression of IEM events under CRM conditions. For organic supercharging agents
this IEM suppression has been attributed to an ionophobic solvent layer surrounding the proteincontaining droplet core [10]. For the La3+ containing droplets studied here IEM events are
suppressed by the high affinity of charge carriers to the protein surface.
The current work complements earlier MD simulation studies that have uncovered the
mechanistic foundation of numerous ESI-related phenomena [10,34,59-66]. It is remarkable that
the relatively simple MD methods employed here are capable of reproducing features as intricate
as the effects of different metal charge carriers. It is hoped that future computational and
experimental advances will continue to provide new insights into the mechanisms by which
biomolecular analytes are transferred from solution into the gas phase during ESI.
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Figure Captions
Figure 1. Experimental ESI mass spectra of hMb (A-E) and Ubq (F-J) at pH 7 recorded in 10 mM
ammonium acetate (A/F), 1 mM NaCl (B/G), 1 mM CaCl2 (C/H), and 1 mM LaCl3 (D/I). Panels
E/J display average protein charge states, error bars represent standard deviations from three
independent measurements. The asterisk in panel G at m/z 782 refers to a NaCl cluster.

Figure 2. MD-simulated ESI charge states for hMb (A/B) and Ubq (C/D). Top panels are for
droplets containing La3+ and Na+; the contribution of La3+ to the initial ~40+ droplet charge is
indicated (0% La3+ = 100% Na+). Bottom panels show the corresponding results for Ca2+/Na+
charged droplets. Error bars represent the standard deviation of three repeat runs. The absence of
error bars refers to conditions that consistently yielded the same charge state. Dashed vertical lines
indicate experimental average charge states measured in NaCl, CaCl2, or LaCl3 (from Figure 1).

Figure 3. MD simulation snapshots of aqueous ESI droplets containing hMb. Initial droplet charge
and diameter were ~40+ and ~5 nm. (A) Droplet charged with Na+ (0% La3+). (B) Droplet charged
with La3+ and Na+ (50% La3+). Coloring is as follows – protein: magenta; Na+: blue; La3+: green.
Field emission events for Na+ or La3+ are marked as “IEM”. Charge states of the gaseous protein
ions released upon droplet evaporation to dryness are shown in red.

Figure 4. MD data for ESI droplets containing hMb (A-C) or Ubq (D-F), displaying the ratio of
droplet charge zD to the Rayleigh charge zR. The initial value of zD was ~40+ due to the presence of
Na+ and La3+ ions, with a La3+ charge contribution of 0% (A/D), 50% (B/E), and 100% (C/F).
Each panel contains data for three runs. Horizontal dashed lines at zD/zR = 1 represent the Rayleigh
limit. Vertical red lines indicate the time point where the final IEM event occurs.
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Figure 5. Binding of metal ions to hMb in evaporating aqueous droplets during MD runs. (A)
Droplets charged with Na+ (0% La3+). (B) Droplets charged with 100% La3+. Point clouds
represent the distance of individual metal ions from the closest protein heavy atom. Distances of
less than 0.3 nm correspond to metal ions that are bound to the protein. Magenta profiles tally how
the protein charge state changes due to metal ion binding. Distance points are for one
representative simulation; protein charge states are averages of three runs.

Figure 6. Protein-La3+ and protein-Na+ contacts seen upon solvent evaporation to dryness for hMb
(A/C) and Ubq (B/D). Side chains are identified using regular font, bold letters refer to main chain
sites. Note that more protein sites are involved in binding each La3+ ion (green), compared to Na+
(blue).
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